Introduction
Cold-formed structural sections are formed from sheet material which may be either hotrolled or cold-rolled, the latter being used for thinner gauges. The sheet material is typically rolled into coils for compact storage and transportation and is subsequently uncoiled prior to section forming. The processes of coiling and uncoiling of the sheet material and forming of the cross-section induce plastic deformations through the material thickness. Depending on the method of section forming employed -press-braking, where the sheet material is formed into the required shape by creating individual bends along its length, or cold-rolling, where gradual deformation of the uncoiled metal sheet through a series of successive rollers produces the final cross-section profile, different levels of plastic deformation are generated.
The plastic deformations induced during the production processes influence the material response of the final cold-formed sections, with the key effects being an increase in yield strength, a reduction in ductility and the formation of residual stresses.
Predictive models for harnessing the increases in material strength caused by plastic deformations, experienced during the cold-forming production routes, have been developed for use in structural design. A comprehensive review of these models has been made in the companion paper [4] , while a brief overview is presented herein.
Models for predicting the strength enhancement in the highly cold-worked corner regions of structural carbon steel cross-sections are provided in the following references: Karren [5] , the AISI Specification for the Design of Cold-formed Steel Structural Members [6] and Gardner et al. [7] . A method for taking account of corner strength enhancements for cross-section design using an increased average yield strength is set out in EN 1993-1-3 [8] .
For stainless steel, where the degree of non-linearity and the level of strain hardening are generally greater than carbon steel, separate predictive equations have been proposed.
Experimental studies of cold-formed stainless steel sections were conducted by Coetzee et al. [9] and predictive equations were given by van den Berg and van der Merwe [10] for the corner regions of press-braked and cold-rolled sections. As part of their wider experimental study of the behaviour of austenitic stainless steels, Gardner and Nethercot [11] also developed an equation for predicting the increased 0.2% proof strength of the corner regions of cold-rolled box sections. Ashraf et al. [12] performed a comprehensive investigation into the behaviour of cold-formed stainless steel sections from a variety of fabrication processes and proposed a number of predictive models in terms of different material and geometric input parameters -allowing the wider applicability of the models. More recent predictive equations are provided in Cruise and Gardner [13] and Rossi [14] , where the strength enhancement of the flat faces of cold-rolled sections has also been studied. In an attempt to provide a unified predictive method for all cold-worked non-linear metallic material, Rossi's [14] model involves the determination of the associated plastic strains caused during the fabrication process and evaluation of the corresponding stresses, through an appropriate material model. The present study builds on previous research and describes an experimental programme carried out to measure the level of strength enhancement in a wide range of cold-formed structural sections, covering both carbon steel and a variety of stainless steel grades. The programme consists of tensile tests on coupons extracted from a series of cold-rolled tubular sections, together with full section tensile tests. The majority of test programmes and proposed predictive models from the literature have focused on austenitic stainless steel sections, since, to date, this class of stainless steel has been the most commonly used in structural applications. Material properties of structural sections are often obtained as part of wider experimental research programmes by performing longitudinal tensile coupon tests; material test data on other stainless steel grades -duplex, lean duplex and ferritic, may therefore be sourced from published experiments in the literature. In order to develop a comprehensive experimental database, both in terms of the material grades and section geometries, the tested specimens for this research programme were selected to fill in the gaps in the existing available test data.
A wide range of cross-section geometries and material grades were considered. All tubular sections were formed by the cold-rolling process, whereby the sheet material was first formed into a circle and welded closed, followed by subsequent crushing into the final cross-section geometry for the case of SHS and RHS specimens. The experimental techniques implemented, the resulting data and the analysis methods employed throughout this experimental programme and discussion of the results are presented herein. A review of the compound Ramberg-Osgood material model is provided and revised values for the model parameters and the Young's modulus for a series of stainless steel grades are also proposed.
The suitability of the expression recommended in Annex C of EN 1993-1-4 [3] for determining the strain at the ultimate tensile stress has also been assessed. In the companion paper [4] , the test results from this experimental programme, combined with relevant test data from the literature, are analysed and used for appraisal of the existing predictive models and development of a simple, accurate and universal predictive model for harnessing the strength enhancements in cold-formed structural sections.
Experimental investigation

Cross-section geometries and grades
A laboratory testing programme was conducted to investigate the influence of cold-working on the strength of cold-formed structural sections, and is described herein. A series of tensile coupon tests on material extracted from cold-formed tubular sections and full section tensile tests were performed. The section sizes and material grades of the tested specimens were selected to fill in the gaps in the existing literature test data. A total of eighteen cross-section geometries were considered including twelve Square Hollow Sections (SHS), five The chemical compositions and the tensile properties of the coil material from which the specimens were formed, as provided by the mill certificates, are presented in Tables 1 and 2, respectively. The notation employed in Table 2 is as follows: σ 0.2 is the 0.2% proof stress, σ 1.0 is the 1.0% proof stress, σ u is the ultimate tensile stress and A 5 is the elongation at fracture over a standard gauge length of 5.65 A c , where A c is the cross-sectional area of the coupon.
Test specimens and measurements
Two types of tensile coupons, flat coupons taken from the faces of the sections and corner coupons taken from the curved portions of the sections, in the longitudinal direction, were prepared. For all SHS and RHS specimens, two flat coupons taken from the centreline of the faces adjacent to the weld (labelled A1 and A2) and one flat coupon taken from the welded face (labelled S) were tested, resulting in a total of 51 flat coupons. In order to measure the extra strength enhancement associated with the formation of the highly cold-worked corner regions, two corner coupons were also extracted from the curved portions, opposite the welded face, of each of the cold-formed box sections, with the exception of the SHS 50×50×2, SHS 40×40×2 and SHS 30×30×2 specimens where full section tensile tests were conducted. A total of 28 corner coupons (labelled C1 and C2) and 6 full sections -two specimens per section size -were prepared. Two coupons were also cut from the CHS 219.1×8.2 specimen. The locations of the flat and corner coupons in the tested cross-sections are shown in Fig. 1 .
The coupons were dimensioned and tested in accordance with EN ISO 6892-1 [15] . All tensile flat coupons were necked -see Fig. 2(a) . Based on the available machining facilities, a combination of straight coupons (Fig. 2(b) ) and necked coupons, as illustrated in Fig. 2(c) , were used for the corners. The straight corner coupons included the corner region plus an extension of 2t, where t is the material thickness, beyond the corner radius into the flat faces of the section on either side.
Accurate measurements of the cross-section dimensions were taken. A digital Vernier calliper was used to measure the cross-section height h, width b and thickness t, for each of the faces from which the coupons had been cut. Three measurements of the section width, height and face thickness were taken and averaged; the measurements are provided in Table 3 .
Measurements of internal corner radius r i were made using an optical microscope and are also reported in Table 3 . The measured geometric dimensions of the CHS specimen are also provided in Table 4 , where R external and R internal are the external and internal radii, respectively, and t is the section thickness, as illustrated in Fig.1 .
In order to determine the cross-sectional area of the flat coupons, Vernier callipers was employed to obtain measurements of the width and the thickness of the coupon necked region. Three width measurements and three thickness measurements were taken along the coupon necked length and the cross-sectional area was determined as the product of the average width and thickness values. Owing to the adopted shapes of the corner coupons, the coupon cross-sectional area was less straightforward to calculate. The method used for calculating the cross sectional area of the corner coupons is outlined as follows: (1) the specimen's mass M c over a specified length L c , marked on the coupon prior to testing, was measured after the test (2) the density ρ of the cold-formed sections were obtained from the appropriate material specification, EN 10088-1 [16] for stainless steel sections and EN 10219-1 [17] for carbon steel sections (3) the cross-sectional area of the corner coupon specimen was calculated as Area = M c /L c ρ. A similar procedure was followed to determine the cross-sectional area of the full section specimens.
In order to measure the plastic strain at fracture, lines at 40 mm spacing were finely marked along the necked length of the necked coupons and along the full length of the straight coupons between the tensile test machine jaws with a scribe, as recommended by EN ISO 6892-1 [15] . Following the completion of the tensile coupon tests, the two halves of each of the coupons were fitted back together and the elongation after fracture was measured between scribe marks. If failure occurred in the grips of the tensile testing machine, strain at fracture was not measured. The measured values were used to calculate the percentage plastic strain at fracture using
, where L 0 is the original marked length and L u is the extended length after fracture.
Test set up and instrumentation
All tensile coupon tests were performed using a Zwick/Roell Z100 kN electromechanical testing machine, in accordance with EN ISO 6892-1 [15] , as illustrated in Fig. 3 . A clip-on extensometer mounted directly onto the specimen was used to measure the longitudinal strain over a specified gauge length -see Fig. 4 (a). Two linear electrical resistance strain gauges attached to the edges of the A1 tensile coupons were also used to provide an additional measure of the strain -see Fig. 4 (b). The strain gauge readings were used to verify the accuracy of the extensometer measurements for the initial part of the stress-strain curves.
A selection of end-clamp configurations were used to allow appropriate gripping of the coupons in the tensile test machine jaws. A pair of flat surface clamps were used to grip the flat coupons at each end, while a combination of one flat and one v-shaped clamp were employed to hold the necked corner coupons. For some of the corner coupons, which were curved on both sides, a pair of v-shaped clamps were utilised and a steel rod was employed on the inner curved side of the coupon to fit into the v-shaped clamps -see Fig. 5 . Load, strain and other relevant variables were all recorded at one second intervals using the ScanWin data acquisition system. The SHS 50×50×2 full section tensile tests were performed using a Zwick/Roell Z600 kN electromechanical testing machine while the SHS 40×40×2 and SHS 30×30×2 sections were tested in a Schenck RME 600 kN electromechanical testing machine, in accordance with EN ISO 6892-1 [15] . The specimen ends were reinforced by fitting steel rods inside the specimens and were held in the machine jaws using flat end-clamps as illustrated in Figs. 6 (a) and (b). The instrumentation consisted of one linear variable displacement transducer (LVDT) to measure the elongation and a load cell to accurately record the applied load. All data, including load, displacement and other relevant variables were recorded at one second intervals using the ScanWin data acquisition system. Strain control was used to drive the testing machine for the tensile coupon tests. According to the EN ISO 6892-1 [15] requirements, the strain rate should not exceed 0.25% strain/sec for the determination of the 0.2% proof strength, after which it may be increased to a maximum limit of 0.8% strain/sec. The adopted strain rates for the tensile coupon tests were 0.003% strain/sec up to 2.0% strain and 0.1% strain/sec until fracture. Displacement control was used to drive the testing machine for the full section tensile tests. According to the EN ISO 6892-1 [15] specification for tensile testing, the rate of separation of the cross-head of the tensile test machine should be such that the specimen remains within the specified stress limits of 6-60 
Experimental results and discussions
Introduction
The results from the experiments described above are presented in this section. A review of the commonly adopted compound Ramberg-Osgood model, used for modelling the stress- is also presented. Finally, the test results are used in a companion paper [4] for developing suitable predictive models to determine the strength enhancements in cold-formed structural sections that arise during the manufacturing process.
Tensile coupon tests
A number of key material parameters were extracted from the recorded stress-strain curves for each tensile coupon. Firstly the best-fit Young's modulus was obtained based on the extensometer measurements. The 0.2% proof stress σ 0.2 , 1.0% proof stress σ 1.0, ultimate tensile stress σ u , strain corresponding to the ultimate tensile stress ε u , and plastic strain at fracture ε pl,f , as described in Section 2.2, were determined. The test results for the flat coupons and the corner coupons are summarised in Tables 5 and 6 , respectively. Typical measured stressstrain curves from austenitic, ferritic and duplex stainless steel are shown in Fig. 7 .
Full section tensile tests
The results of the full section tensile tests for SHS 50×50×2, SHS 40×40×2 and SHS 30×30×2 specimens are shown in Figs. [8] [9] [10] . All test specimens failed by ductile fracture; Table 7 . The average 0.2% proof stress from the section tensile tests combined with the corresponding flat face material properties, from the tensile coupon test results, were used to infer the 0.2% proof stress of the sections' corner regions based on the proportion of the curved corner region cross-sectional area to the fullsection cross-sectional area; these values are also presented in Table 7 .
Compound Ramberg-Osgood material model
Stainless steel displays highly non-linear stress-strain behaviour, with no sharply defined yield point, a significant amount of strain hardening and high ductility. In comparison,
annealed carbon steel exhibits a linear elastic region, followed by a flat plastic plateau and a moderate degree of strain hardening. Cold-forming of such material leads to a more rounded stress-strain response, resembling that of stainless steel alloys. The familiar Ramberg-Osgood material model originally developed by Ramberg and Osgood [18] and later modified by Hill [19] has traditionally been used to replicate the behaviour of metallic materials with a nonlinear stress-strain response. The two stage Ramberg-Osgood material model developed by
Mirambell and Real [20] and Rasmussen [21] -Eqs (1) and (2) -and that developed by Gardner and Nethercot [11] presented in its final form by Gardner and Ashraf [22] -Eqs (1) and (3) -have been utilised to replicate the measured stress-strain response of the tensile coupon tests presented in Section 3.2.
The strain hardening exponent n is commonly determined based on two fixed points on the stress-strain curve. While the choice of the two fixed points is mainly dependent on the application of the model, one of these points is, by definition, taken as the 0.2% proof stress σ 0.2 with its corresponding total strain ε t,0.2 while the 0.05% proof stress σ 0.05% and its corresponding total strain ε t,0.05 [20] or the 0.01% proof stress σ 0.01% and its corresponding total strain ε t,0.01 [21] have been commonly adopted as the second point. The strain hardening exponents n' 0.2,u and n' 0.2,1.0 may be evaluated from (σ u , ε u ) and (σ 1.0 , ε t,1.0 ), respectively and another intermediate point, typically taken as the 0.5% proof stress σ 0.5% and its corresponding total strain ε t,0.5 . Although determining the model parameters on the basis of distinct points along the measured stress-strain curve provides a relatively straightforward approach, the stress-strain description will be most accurate near the fixed points employed and inaccuracies may exist elsewhere. Hence, a method for accurately determining the model parameters based on a wider range of data points is necessary.
The ordinary least squares method, where the sum of the squares of the dependent variable is minimised, is commonly used for fitting equations to data points. Owing to the significant slope variation along the measured stress-strain curves, the residuals in the steeper region will have a greater influence on the fitting procedures than those in the flatter regions. Also, since the test rate is varied during the test, the data points are not evenly distributed along the stress-strain curve. As a result, more weighting will be given to the regions of the curve with high data concentration in the fitting procedures. Hence, a rigorous curve fitting approach has n 0.2
been employed herein for determining the best fit n, n' 0.2,u and n' 0.2,1.0 values. The curve fitting method used involves a weighted total least squares regression which minimises the errors on both axes and is independent of the distribution of the data points. In order to remain unbiased toward any axis in the fitting procedures, the measured stress-strain data were normalised appropriately and weighting factors were employed to account for the nonuniform distribution of the data points along both axes, resulting in the objective function given by Eq. (4).
( ) ( ) The results from the current test programme have been combined with existing measured stress-strain data on cold-formed stainless steel sections from the literature and revised values for the model parameters n, n' 0.2,u and n' 0. Tables 9 and 10 , respectively. Table 11 compares the n parameters obtained in this study with their respective codified values. The recommended mean tensile n values for austenitic, ferritic and duplex stainless steel grades are also presented in Table 11 . The n parameter is related to the degree of roundness of the stress-strain behaviour prior to the 0.2% proof stress and is expected to have a lower value for material with more rounded stress-strain behaviour. Analysis of the experimental results reflects the expected trend of having the lowest n for the austenitic grades, which typically have the highest alloying content, the highest n for the ferritic grades and an intermediate n for the duplex grades.
Strain at ultimate tensile stress
Annex C of EN 1993-1-4 [3] for modelling the stress-strain response of stainless steels provides an expression for determining the strain at the ultimate tensile stress. This expression was developed by Rasmussen [21] on the basis of test data on austenitic, duplex and ferritic stainless steels. In developing this expression, Rasmussen [21] noted that it was not clear whether the ultimate tensile strain quoted in some references were the strain at the ultimate tensile strength, as had been assumed, or the strain at fracture including elongation from necking. Hence, the suitability of this expression has been further assessed herein based on measured strain data at the ultimate tensile stress. The results from a total of 93 tensile coupon tests from the present paper, Huang and Young [27] and Afshan and Gardner [26] were used. Fig. 13 compares the collected test data with the predictive model, and confirms the suitability of the proposal, with a mean test over predicted ratio of 0.99 and a COV of 0.45, for the austenitic, duplex and lean duplex grades, but gives less accurate predictions for the ferritic grade.
Stainless steel Young's modulus
The slope of the linear elastic part of a uniaxial stress-strain curve is referred to as the material's Young's modulus. Young's moduli are typically obtained from tensile coupon tests, conducted in accordance with the relevant testing standards, such as the European standard EN ISO 6892-1 [15] , American standard ASTM E8/E8M-11 [28] or Australian standard AS 1391 [29] . These standards are primarily concerned with measuring the full range stress-strain response of metallic materials and limited guidance on the accurate measurement of the Young's modulus is provided. Practical difficulties associated with a relatively short linear region at the beginning of the stress-strain curve also exist in the case of non-linear materials such as stainless steel.
A comprehensive review, covering the key practical issues associated with tensile testing and data analysis methods for the accurate determination of the Young's modulus, has been carried out by Roebuck et al. [30] and Lord and Morrell [31] . Method of strain measurement, misalignment and bending of the tensile coupon specimens as well as the data analysis technique employed, have been highlighted as having a potentially significant effect on the accuracy of the measured Young's modulus values. It was also reported that, double sided strain measurement systems such as high resolution double sided averaging extensometer or strain gauges attached to both sides of the tensile coupon specimen have been found to provide accurate strain measurements during the early important stage of the stress-strain curve used to calculate the Young's modulus. This point is fully supported based on the findings of the present study, and it is recommended that strain gauges attached to both sides of the coupons are employed, in order to achieve accurate measurements of Young's modulus particularly when curved coupons (due to the release of residual stresses) are being tested.
A concise and accurate method for the calculation of the Young's modulus from tensile stress-strain measurements has been developed as part of this study. Tensile coupon test results have been utilised to verify the method and propose appropriate Young's modulus values for a series of stainless steel grades. The method involves using an ordinary least squares regression analysis to fit a straight line through a suitable range of the test data in the initial part of the stress-strain curve following steps (1) to (7) below, with little or no operator intervention. The E values obtained are presented in Table 12 .
(1) An initial value of the Young's modulus, taken as 200000 N/mm 2 , for the first iteration, is assumed.
(2) The corresponding 0.2% proof stress σ 0.2 is defined.
(3) The secant modulus, defined as the slope of the line from the origin to the point on the stress-strain curve in consideration, is computed for each data point.
(4) A range of the stress-strain data is specified with the upper limit taken as 0.3σ 0.2 and the lower limit taken as the point where the ratio of the successive secant moduli is less than 80%.
(5) A linear line is fitted through the data specified in step (4) using an ordinary least squares regression.
(6) The slope of the line is taken as the Young's modulus. (7) Steps (1) to (6) are repeated until the Young's moduli values from Steps (6) and (1) are within 1%. 
Conclusions
A material test programme on a total of eighteen cold-formed structural sections, including Test data 
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SHS 100×100×5 -C2 172000 535 690 741 19.0 37.5 -
SHS 120×120×5 -C1 193600 493 603 688 29.9 46.8 -
--6.1 --RHS 120×80×3 -C2 209400 515 -
--4.9 --SHS 80×80×3 -C1 211300 536 -
--16.7 --SHS 80×80×3 -C2 207700 524 -
- Note: (1) Erratic data prevented obtainment of values.
Coupon failed before 1.0% strain was reached.
Coupon failed in the tensile machine jaws. (4) Ultimate tensile stress preceded the 1.0% proof stress. AS/NZS 4673 [1] 
